One sentence summary: Phospholipase C in budding yeast is required for the stability of casein kinase I and expression of the HXT genes encoding glucose transporters.
INTRODUCTION
Cells of all organisms possess mechanisms that allow them to adjust their metabolism to presence and concentrations of available nutrients. These mechanisms involve host of signaling pathways that coordinate transcriptional and metabolic responses to the changes in environmental conditions. Expression of the genes encoding glucose transporters (HXT) in budding yeast is regulated by glucose sensors Snf3p and Rgt2p, protein kinases Yck1p and Yck2p that belong to the casein kinase I family, repressor Rgt1p and co-repressors Mth1p and Std1p (Schmidt et al. 1999; Johnston and Kim 2005; Santangelo 2006; Gancedo 2008; Zaman et al. 2008) . When cells utilize carbon sources other than glucose, Rgt1p together with Mth1p and Std1p repress transcription of all HXT transporters (Özcan, Leong and Johnston 1996; Schmidt et al. 1999; Johnston and Kim 2005; Santangelo 2006; Gancedo 2008 ). Snf3p/Rgt2p-mediated glucose signal results in Mth1p and Std1p phosphorylation by Yck1/2p (Flick et al. 2003) . Following phosphorylation, Mth1p and Std1p are ubiquitinated by SCF Grr1 and degraded by the proteasome (Santangelo 2006) . Degradation of Mth1p and Std1p exposes Rgt1p to phosphorylation, probably by PKA (Kim and Johnston 2006; Palomino, Herrero and Moreno 2006) . Rgt1p phosphorylation leads to detachment of Rgt1p from HXT promoters and derepression of HXT transcription.
We have shown that deletion of PLC1 gene encoding phospholipase C results in stabilization of Mth1p and defect in transcription of the HXT genes (Galdieri et al. 2013 ). Plc1p cleaves phosphatidylinositol-4,5-bisphosphate [PtdIns (4,5)P 2 ], generating two second messengers: 1,2-diacylglycerol and inositol 1,4,5-trisphosphate. The latter is subsequently phosphorylated by inositol polyphosphate kinases Ipk2p, Ipk1p, Kcs1p and Vip1p to yield inositol polyphosphates (InsPs) and inositol pyrophosphates (PP-InsPs), important signaling molecules in different aspects of cellular physiology (York 2006; Alcazar-Roman and Wente 2008; Tsui and York 2010; Hatch, Odom and York 2017) . In budding yeast, Plc1p is the only enzyme that is able to generate inositol 1,4,5-trisphosphate, the substrate for InsPs and PP-InsPs synthesis. Consequently, plc1 cells are completely devoid of inositol 1,4,5-trisphosphate, InsPs and PP-InsPs (York et al. 1999; Demczuk et al. 2008) .
The aim of this work was to determine the mechanism whereby Plc1p affects the stability of Mth1p and transcription of the HXT genes. Specifically, we tested whether Plc1p affects the function of Yck1/2p, SCF Grr1 complex, or proteasome. Our results show that while Plc1p does not affect the function of the SCF Grr1 complex or the proteasome, it is required for normal protein level of Yck2p.
MATERIAL AND METHODS

Strains and media
All yeast strains used in this study are isogenic to the W303 strain and are listed in Table 1 . All strains were constructed and cultured using standard techniques (Sherman 1991) .
Western blotting
Western blotting was performed as described by Galdieri et al. (2016) . The following primary antibodies were used: anti-GFP polyclonal antibody (SC-9996, Santa Cruz Biotechnology, Dallas, TX) at a dilution of 1:500; anti-TAP tag polyclonal antibody (CAB1001, Thermo Fisher Scientific, Waltham, MA) at a dilution of 1:1000; anti-ubiquitinated conjugates antibody FK2 (BML-PW8810-0500, Enzo Life Sciences, Farmingdale, NY) at a dilution of 1:500 and anti-Pgk1p monoclonal antibody 22C5 (A6457; Invitrogen, Waltham, MA) at a dilution of 1:1000.
Real time RT-PCR
Real-time RT-PCR was performed as described by Galdieri et al. (2013) using the following primers: ACT1 (5 -TATGTGTAAAGCCG GTTTTGC-3 and 5 -GACAATACCG TGTTCAATTGGG-3 ), PRE1 (5 -CGTCTTCTAAGGCAGTCACAAG-3 and 5 -CTTCACCGGCAAA ACTCATC-3 ), RPN11 (5 -TGTTGCTGTCGTTGTTGACC-3 and 5 -G CTTGAATGTTGGCCTTGTTC-3 ), PRE6 (5 -GCTAGAGTGGAGGCCC AAAG-3 and 5 -TTGCACACCAGCGACATAAC-3 ), RPT2 (5 -AAAG TAGCGGGTGAGAATGC-3 and 5 -GCAATTCCAGCATGGTTCTC-3 ), YCK1 (5 -ATGCCCATAGCAAGTACCACTCTA-3 and 5 -GGTG GAGTTGTTTGTTTGCTTG-3 ), YCK2 (5 -AAAGTCCTTTGACA GCAACGAA-3 and 5 -ACGGTTAGGCATTTGTGAGTTC-3 ), HXT1 (5 -CAACTTAAGTGAAAGTCAAG TGCAAC-3 and 5 -ATGAAACCACCGAAAGCAAC-3 ), and HXT3 (5 -GCCTTCGAATAG CTCTCAGGTA-3 and 5 -CACAGTGACATATGCACCTTTACC-3 ).
Microscopy
The cells were grown, prepared for microscopy and imaged as described by Grousl et al. 2009 Grousl et al. , (2015 .
RESULTS
Plc1p and InsPs do not regulate the activity of the E3 ubiquitin ligase SCF
Grr1
Our previous work showed that Plc1p is required for normal degradation of Mth1p repressor when cells are exposed to glucose (Galdieri et al. 2013 (Ruegger et al. 1998; Tan et al. 2007 ). Thus, we hypothesized that Grr1p binds to and is regulated by InsP 6 or another InsPs. To address this possibility, we measured the cellular level and stability of Tye7p in wild-type, plc1 and grr1 cells. Tye7p is a transcription factor that activates glycolytic genes. Tye7p is targeted by SCF GRR1 and subsequently destroyed by proteasome (Benanti et al. 2007) . Cells with GRR1 gene deleted displayed higher level of Tye7p in comparison with wild-type and plc1 cells (Fig. 1) . When protein synthesis was inhibited by cycloheximide, Tye7p remained detectable much longer in grr1 cells than in wild-type or plc1 cells (Fig. 1) . These results show that the cellular level and stability of Tye7p is comparable in the wild-type and plc1 cells, and clearly different from grr1 cells. We conclude that Plc1p and InsPs do not regulate the activity of the E3 ubiquitin ligase complex SCF Grr1 .
Plc1p and InsPs do not regulate the activity of proteasome
Several results suggest that Plc1p and InsPs might regulate the activity of proteasome. For example, oxidative stress-induced degradation of C-type cyclin Ume3p requires Plc1p and 26S proteasome (Cooper, Mallory and Strich 1999) . In addition, Plc1p interacts with Caf130p, a subunit of Ccr4/Not transcriptional complex that associates with the proteasome (Krogan et al. 2006; Laribee et al. 2007 ). Not4p, another subunit of the Ccr4-Not complex, is an ubiquitin E3 ligase that is required for the activity of the proteasome (Panasenko and Collart 2011) . We used several approaches to test whether Plc1p and InsPs affect proteasome activity. First, we determined the accumulation of polyubiquitinated proteins in plc1 cells ( Fig. 2A) . As a positive control, we used cells with deletion of NOT4. Not4p is an E3 ubiquitin ligase that is required for normal activity of the proteasome, and inactivation of NOT4 causes accumulation of polyubiquitinated proteins (Panasenko and Collart 2011) . We found that the cellular level of polyubiquitinated proteins is very similar in the wild-type and plc1 cells, and clearly lower than in the not4 cells ( Fig. 2A) . (Fig. 2B ). Rpn4p is a transcription factor that regulates expression of genes encoding proteasome subunits (Xie and Varshavsky 2001) . Rpn4p is targeted by ubiquitin ligase Ubr2p and proteasome and has a short half-life Wang et al. 2004; Dohmen, Willers and Marques 2007) . As a result, proteasome inhibitors and proteasome mutations that decrease proteasome activity increase Rpn4p stability. As expected, ubr2 cells displayed significantly elevated level of Rpn4p. Importantly, inactivation of NOT4 also resulted in increased stability of Rpn4p. In contrast, the cellular level of Rpn4p was comparable in the plc1 and wild-type cells and significantly lower than in ubr2 or not4 cells (Fig. 2B) .
Third, as another approach to determine the role of Plc1p in regulation of the function of the proteasome, we measured expression of genes encoding proteasome subunits in wildtype, plc1 , not4 , rpn4 and ubr2 cells (Fig. 1C) . We determined mRNA levels of PRE1, PRE6, RPN11 and RPT2. PRE1 and PRE6 encode subunits of the proteasome central proteolytic core particle, and RPN11 and RPT2 encode subunits of the regulatory particle. As expected, expression of the proteasome genes was decreased in rpn4 cells. Due to the higher stability of Rpn4p, the expression of all four genes was elevated in ubr2 and not4 cells (Fig. 2C) . In contrast, the expression of the proteasome genes in plc1 cells was similar to the wild-type levels, and significantly lower than in the ubr2 and not4 cells (Fig. 2C) . Fourth, we measured viability of wild-type, plc1 , not4 , rpn4 and ubr2 cells in environment that creates proteotoxic conditions (Fig. 2D) . We tested the in vivo activity of the proteasome by growing the cells in medium that contains amino acid canavanine instead of arginine. Canavanine is structurally similar to arginine, and, under these conditions, is incorporated into proteins instead of arginine. Proteins containing canavanine instead of arginine very often do not fold properly, and are degraded by the proteasome. Consequently, cells require normal activity of the proteasome for viability in medium containing canavanine instead of arginine (Kruegel et al. 2011 ). Loss of RPN4 or NOT4 resulted in lower proteasome activity, increased sensitivity to proteotoxic stress and inability to grow in medium containing canavanine. On the other hand, wild-type, plc1 and ubr2 cells were able to grow under these conditions (Fig. 2D) . Cumulatively, these results show that Plc1p and InsPs do not regulate the activity of the proteasome.
PLC1 and YCK2 genetically interact and Plc1p affects the stability of Yck2p
Since Plc1p and InsPs do not affect the activity of the E3 ubiquitin ligase complex SCF Grr1 or the activity of the proteasome, we considered the possibility that Plc1p and InsPs may affect the function of the casein kinase I Yck2p. To test whether PLC1 genetically interacts with YCK2, we compared growth of the corresponding single and double mutants (Fig. 3A) . Since one of the two genes encoding casein kinase I, YCK1 and YCK2, is required for viability, we used a strain in which the viability is maintained by the yck2 ts allele and YCK1 is deleted. The synthetic growth defect of the plc1 yck2 ts strain is apparent even at 25
• C or 30
• C, which are the permissive temperatures for the yck2 ts strain (Fig. 3A) .
Since the stability of Yck1/2p is regulated by a glucosedependent mechanism (Reddi and Culotta 2013), we examined the cellular level of Yck2p and Yck2-ts (product of the yck2 ts allele) in wild-type and plc1 cells. The results indicate that the stability of both Yck1p and Yck2p-ts is decreased in plc1 cells in comparison to the wild-type cells (Fig. 3B) . Since plc1 mutation does not decrease the transcription of YCK1 or YCK2 genes (Fig. 3C) , the decreased level of Yck2p and Yck2-ts is likely due to the compromised stability of the proteins.
Since the glucose-induced degradation of Mth1p, required for the activation of the HXT genes, is triggered by its Yck1/2p-mediated phosphorylation, we examined the transcription of the HXT genes in wild-type, plc1 , yck2 ts and plc1 yck2 ts cells.
The relative mRNA levels of both HXT1 and HXT3 are decreased in plc1 and yck2 ts cells, and additively decreased in plc1 yck2 ts cells (Fig. 3D) . We interpret these results to mean that inactivation of PLC1 results in a decreased level of Yck2p, which, in turn, results in defect in phosphorylation and degradation of Mth1p, and consequently decreased transcription of HXT1 and HXT3 genes.
PLC1 inactivation suppresses cytokinesis defect of yck2 ts cells
Yck1/2p are tethered to plasma membrane through Akr1p-mediated palmitoylation (Vancura et al. 1994; Feng and Davis 2000; Babu, Deschenes and Robinson 2004; Pasula et al. 2010) .
To examine whether the decreased protein level of Yck2p in plc1 cells is due to altered subcellular targeting of Yck2p, we determined the subcellular localization of Yck2p and Yck2p-ts in wild-type and plc1 cells at 25
• C and after 4 h at 37
• C (Fig. 4) . As expected, GFP-Yck2p localized to the plasma membrane in both wild-type and plc1 cells at 25
• C and 37
• C (Fig. 4) .
This result suggests that the decreased cellular level of Yck2p in plc1 cells is not due to mislocalization of Yck2p. Yck2p-ts localized correctly to the plasma membrane at 25
• C in both PLC1
and plc1 cells. However, at 37
• C, instead of distinct plasma membrane localization, Yck2p-ts was distributed throughout the PLC1 cells and formed distinct puncti in plc1 cells. In addition, PLC1yck2 ts cells at 37
• C formed elongated buds and displayed a defect in bud morphogenesis and possibly in regulation of cytokinesis. This phenotype of yck2 ts cells is in agreement with a previous report of the role of YCK1/YCK2 in morphogenesis (Robinson et al. 1993) . Surprisingly, however, this morphogenesis phenotype was suppressed by the plc1 mutation; the plc1 yck2 ts cells do not display the elongated buds, characteristic of yck2 ts cells (Fig. 4) . The suppression of the morphogenesis defect of yck2 ts cells by plc1 mutation is consistent with the genetic interaction between the plc1 and yck2 ts mutations.
DISCUSSION
Plc1p facilitates efficient degradation of Mth1p and transcriptional induction of the HXT genes when cells are exposed to glucose. As a result, decreased level of cellular acetyl-CoA, globally reduced histone acetylation and poor growth rate of plc1 cells are partially suppressed by mth1 mutation (Galdieri et al. 2013) . The major objective of this study was to determine the underlying mechanism. We speculated that Plc1p and InsPs: (i) regulate the SCF Grr1 ubiquitin ligase complex, or (ii) regulate the activity of the proteasome or (iii) affect the function of the casein kinase I Yck1/2p. Our results show that while Plc1p does not regulate SCF Grr1 complex or proteasome, it affects the function of the casein kinase I. Our results demonstrate that Plc1p is required for normal cellular level of casein kinase I Yck2p (Fig. 3B) . Consequently, PLC1 and YCK2 genetically interact (Fig. 3A) , and the double mutant strain plc1 yck2 ts displays a synthetic growth defect and an additive defect in the induction of genes encoding hexose transporters HXT1 and HXT3 (Fig. 3D) . How does Plc1p and InsPs stabilize Yck2p? Yck1/2p are stabilized by cytosolic Cu/Zn superoxide dismutase Sod1p using a mechanism that requires glucose and oxygen (Reddi and Culotta 2013). Sod1p physically interacts with Yck1p and masks C-terminal region in Yck1p that contains degron (Ho et al. 2002; Reddi and Culotta 2013) . The stabilization of Yck1p involves Sod1p-mediated conversion of superoxide that is produced during aerobic growth in the presence of glucose into hydrogen peroxide, which stabilizes Yck1/2p (Reddi and Culotta 2013) . The cellular level of Yck1p is significantly reduced in sod1 cells or when the cells are grown in medium with low concentration of glucose (Reddi and Culotta 2013) .
However, the uptake of glucose in plc1 cells is compromised due to the constitutive endocytosis of the hexose transporters (Hxts; Yoshida et al. 2012) . Ubiquitination is very often a trigger for endocytosis of transporters and permeases located in the plasma membrane (MacGurn, Hsu and Emr 2012) . This ubiquitination is typically performed by Rsp5p, a HECT type E3 ubiquitin ligase (Gupta et al. 2007) . Rsp5p contains C2 domain that associates with phospholipids and has strong affinity to PtdIns (4,5)P 2 , located in the cell membrane (Yoshida et al. 2012) . In agreement with this possibility, Rsp5p localizes to the cell membrane (Kaminska et al. 2011) . Since Plc1p hydrolyzes PtdIns (4,5)P 2 , it is conceivable that the amount of PtdIns (4,5)P 2 in the plasma membrane is higher in plc1 cells, which promotes binding of Rsp5p to the plasma membrane. Alternatively, since Plc1p has two PtdIns (4,5)P 2 -binding domains, pleckstrin homology domain and C2 domain (Lin et al. 2000) , Plc1p may compete with Rsp5p for binding to the PtdIns (4,5)P 2 in the cell membrane. The fact that the constitutive internalization of Hxts in plc1 cells depends on Rsp5p is supported by finding that the Hxts internalization in plc1 cells is suppressed when the expression of RSP5 is decreased (Yoshida et al. 2012) . The possibility of functional interaction between Plc1p and Rsp5p is also in agreement with our finding that the morphogenesis phenotype of yck2 ts cells at 37 • C is suppressed by the plc1 mutation (Fig. 4) . Since Rsp5p regulates actin cytoskeleton (Kaminska et al. 2011) , it is conceivable, that the plc1 -mediated suppression of the morphogenesis defect of yck2 ts cells is mediated by Rsp5p.
On the basis of our data and published results, we propose a model in which plc1 mutation causes increased internalization of Hxts, decreased transport of glucose into the cells, and consequently decreased stability of Yck1/2p, increased stability of (Yoshida et al. 2012) . Intracellular glucose stabilizes Yck1/2p (Reddi and Culotta 2013) , which is required for phosphorylation and degradation of Mth1p (Moriya and Johnston 2004) . In the absence of Plc1p, the Hxt proteins are internalized in Rsp5p-dependent manner, which results in decreased glucose transport and destabilization or Yck1/2p, leading to decreased HXT expression.
Mth1p and decreased expression of the HXT genes (Fig. 5) . This model is consistent with our results, the role of Plc1p and Rsp5p in internalization of Hxts (Yoshida et al. 2012 ) and glucosemediated stabilization of Yck1/2p (Reddi and Culotta 2013) . Together, our results indicate that the decreased transcription of the HXT genes in plc1 cells is due to the decreased level of casein kinase I Yck2p.
